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INTRODUCTION
Some of the first experimental research on the cracking of base-restrained members was carried out by Stoffers. 1 It was demonstrated that cracking depends primarily on the degree of reinforcement and curvature of the element. The verification of standard formulas [2] [3] [4] [5] or approaches by various authors [6] [7] in comparison with the study of wall cracks on a natural scale, is extremely rare. As demonstrated by Zych, 8 the models 6, 7 for certain cases are more accurate than those contained in EN 1992-3. 4 Computational models predetermine a fixed crack spacing, as in the case of EN 1992-1-1, 9 and EN 1992-3 4 results from the model of a tie restrained at opposite ends and loaded with external forces. However, the crack spacing according to the Iványi 6 and Rostásy and Henning 7 models is equal to (1/2)H, which meets the condition of the minimum degree of reinforcement from Stoffers's 1 tests and is an arbitrary assumption for all computational cases.
Parametric analyses of the risk of cracking hardening concrete using advanced numerical models are presented in the following studies: Buffo-Lacarére et al., 10 Klemczak and Knoppik-Wróbel, 11 Liu et al., 12 and Wu et al. 13 In contrast, Kheder, 14 Kheder et al., 15 and Al Rhawi and Kheder 16 presented an analytical approach to determine the width of cracks in the walls restrained at the bottom edge while taking into account the pre-and post-cracking restraint coefficient; similar to the approach presented by Scott and Gill, 17 they took into account the reduction in the crack width by reducing the imposed strain by 1/2ε ctu . The current European standard dependencies (EN 1992-3 4 ) regarding both cases of restraint-that is, along the bottom edge and the opposite edges-were commented on by Beeby and Forth 18 as well as by Beeby and Narayanan. 19 Meanwhile, an analysis of the temperature field distribution and the resulting changes in the degree of restraint in baserestrained walls were presented by Anson and Rowlinson. 20, 21 It was demonstrated that the maximum degree of restraint did not occur at the bottom edge. Next, Pettersson and Thelandersson 22 and Pettersson et al. 23 presented an analysis of walls restrained by foundation cracking while assuming a temperature change ΔT as a constant value in the section and in bilinear form. It was proven, most importantly, that the cracks first appeared at the level where the temperature profile changed along the height from linearly variable to uniform.
In practice, a continuous increment of the load over time results in an increase in both the width and the number of cracks. In the author's opinion, standard models-for example, in EN 1992-3, 4 in which the stabilized spacing of cracks is predetermined at the concrete hardening stage (after thermal shrinkage only) and throughout the subsequent period of structure loading-are excessively simplified. In fact, the spacing of original cracks (that is, those that occurred from the low mechanical properties of concrete) is much larger. In contrast, the imposed loads generated by external restraints are too small (due to the concrete relaxation zones, Sections 2 24 and 4 24 ) to stabilize the crack spacing after only 5 days of concrete hardening. Therefore, in practice, the designer defines a standard crack spacing that is smaller than the actual one, thereby erroneously assuming effective crack propagation by reinforcement. Such an assumption is valid only for the tie model and the external loads from which the model originates. The thermal load during design is adopted as probable for actual thermal changes instead of a load that may result in the stabilized spacing of cracks. The effect of the aforementioned assumptions is a large underestimation of the calculated crack width. In other words, in the walls of reinforced concrete tanks cracked from imposed deformation, the crack spacing is both a function of the degree of external restraint, self-equilibrating stress, and the presence of reinforcement, the influence of which is not as dominant as in the case of tie models.
The only a general recommendation of allowing for the combined effect of imposed deformation and external loads Title No. 116-S56
In reinforced concrete (RC) tanks, cracks of excessive width cause leaks that prevent the proper use of the concrete tanks as well as the loss of durability and consequent loss of load-bearing capacity. This aspect frequently determines the degree of horizontal reinforcement in the walls. According to EN 1992-3 1 ), the crack criterion should be analyzed using various calculations resulting from the characteristics of a given tank.
Beeby 9 was one of the first to introduce the mechanism of crack formation in the axially tension-loaded member. Concrete is most often assumed to be a linear-elastic and brittle material, as confirmed in studies by Scott and Gill 10 and Beeby and Scott.
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Another crack mechanism, mainly explaining large strains in sections between the cracks, was presented by Goto, 12 who also considered the possibility of the formation of internal cracks. This theory was developed using the finite element method (FEM), for example, by Forth and Beeby. 13 The issues of interaction between the reinforcement and concrete around the crack as well as their impact on stiffness have been the subject of numerous studies, including, for example, Beeby and Scott, 14 Beeby et al., 15 Clark and Cranston, 16 Floegl and Mang, 17 Whittle and Jones, 18 Vollum, 19 and Scott and Beeby. 20 The progressive loss of adhesion between steel and concrete, resulting from long-term loading as well as additional loads, causes decreased stiffness of the member and, in the case of imposed loads, also causes its relaxation.
In 1968, Evans and Hughes 21 carried out one of the first studies on strain and temperature changes in an RC tank wall with the degree of reinforcement of 0.57%. They demonstrated that greater efforts should be made to minimize temperature changes rather than shrinkage strains. They proposed a method for calculating the crack spacing in long walls restrained along the bottom edge using the following expression
They predetermined that, initially, the spacing of the cracks was twice as large until the next cracks appeared, while stresses in the concrete increased linearly from zero in a cracked cross section to the maximum value in the section distanced by s min .
In 1970, Hughes and Miller 22 were the first to measure the strain, temperature, and humidity of concrete as well as the strains of reinforcing steel on three RC walls in a natural scale constructed under various sets of ambient conditions. They exhibited good conformity with the expressions for crack spacing (Eq. (1)) and their widths.
In BS8007, 23 the method of calculating the crack width was, to a certain extent, very similar to the current provisions of EN 1991-1-3. 1 The width of the crack was calculated from the formula shown as follows
where the spacing of the cracks was defined as in the model developed by Evans and Hughes
whereas the strain could be determined as
Al-Rawi and Kheder, 24 when modifying Eq. (3) for the spacing of cracks included in BS8007, 23 predetermined that in the walls restrained at the base, the spacing of cracks depended both on the strength of reinforcement and the degree of restraint along the bottom edge. Thus, the expression for crack spacing took into account the height of the wall Institute. All rights reserved, including the making of copies unless permission is obtained from the copyright proprietors. Pertinent discussion including author's closure, if any, will be published ten months from this journal's date if the discussion is received within four months of the paper's print publication.
where k = f t /(4f b ) = 0.57, 0.68, and 0.85 for deformed, indented, and plain reinforcement, respectively. Kheder and Fadhil 25 continued the approach of Al-Ravi and Kheder, 24 and they took into account the effect of elastic shrinkage of the foundation with the K factor, according to ACI.
26 Then, they modified the expression for the maximum crack width contained in BS8007.
23 Finally, they obtained an expression that depended on the degree of restraint and elastic shrinkage of the foundation
Equation (6) was very similar to Harrison's 27 proposal
which was a modification of the expression contained in BS 5337
The expressions for calculating the crack width were evolving. However, a major amendment was presented by Harrison 27 (Eq. (8)). This amendment introduced the coefficient of the degree of external restraint, which allowed the prediction of the change in the crack width along the height of the wall, while in BS 5337, 28 a constant crack width was defined. In addition, in BS 5337, 28 as in BS 8007, 23 concrete creep was included in a 50% reduction of the restrained part of thermal strains.
Kheder and Fadhil 25 claimed that limited widths of cracks in the walls restrained along the bottom edges result both from reinforcement and restraint at their bases. Therefore, less reinforcement could be used than in the members restrained at opposite ends only. In addition, they stated that to use more economical solutions, the degree of reinforcement should depend on the changing degree of restraint of the wall. In the next study, Kheder et al. 29 defined the formula for the crack width in the following form
where R b is the coefficient of restraint before cracking in the middle of the wall length; and R a is the coefficient of restraint after cracking on the wall edge (defined using FEM for the segment with a L/H ratio that is two times smaller and without reinforcement). Due to the important role of the restraint coefficient, Klemczak and Knoppik-Wróbel 30 demonstrated the significant influence of support conditions on its value. They demonstrated that if the possibility of wall rotation was considered, the degree of restraint in the structural joint increased, whereas it decreased in the upper part of the wall. This influence is more noticeable for longer walls and is almost unnoticeable in the case of shorter walls.
According to the authors, there is a need to create a model that can combine the specific behavior of the shells of RC tanks, especially under the influence of imposed loads, both in the case of segments restrained at the base and along three edges, including the possible increase in the crack width under the influence of the value and type of loads (imposed and external). This conclusion is confirmed by the research on the manner of cracking of the walls of RC tanks presented in the research paper, 31 which demonstrated a different characteristic than was assumed in tie models. The only general recommendation of allowing for the combined effect of imposed deformation and external loads on the crack width calculation was introduced with certain restrictions in DIN EN 1992-1-1/NA. 32 This approach is fully based on equations defined in EN 1992-1-1.
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RESEARCH SIGNIFICANCE
The results of in-place studies of a semi-massive segment of the RC tank wall provide information about the development of cracks over time as the imposed load changes. The research also provided the basis for the verification of a new crack control model, which considers the influence of the staging of imposed loads on changes in the crack width, which is an issue that was previously unrecognized in the world literature or current standards. The results can serve as a basis of future code changes for crack control coming from hydration temperature, elevated temperature, shrinkage, and external load effects.
EXPERIMENTAL INVESTIGATION Results of in-place research studies
The subject of this research is the wall segment restrained along three edges with dimensions of L/H/h = 15.7 m/6.4 m/0.6 m (51.5 ft/21 ft/2 ft), described in detail in the research paper.
31 Figure 1 illustrates a simplified distribution of the cracks that were formed before Day 16 after the concreting of the wall, which resulted from the early-age imposed loads. Considering the early age of hardening of the concrete, the concrete shows numerous cracks, which were caused by a very high degree of reinforcement. illustrates a further stage of the cracking, just before the water-tightness test-3 months after the concreting of the wall. When compared to the layout of the cracks from Day 16, the wall is characterized by a significant increase in the crack length and the formation of new cracks, reducing the average spacing from 0.24 m (0.79 ft) to 0.20 m (0.66 ft). Such heavy cracking was caused by imposed loads only. The last of the presented stages of the cracking is 9.5 months after the concreting of the segment, which includes a tank water-tightness test carried out in the winter period (water was not allowed to freeze [ Fig. A-2] ). Compared to the layout of the cracks before the water-tightness test, a small number of newly formed cracks and the occasional extension of the cracks toward the bottom edge of the wall were observed. In the first stage (Fig. 1) , the crack width measured * The Appendix is available at www.concrete.org/publications in PDF format, appended to the online version of the published paper. It is also available in hard copy from ACI headquarters for a fee equal to the cost of reproduction plus handling at the time of the request.
with the Brinell's magnifying glass did not exceed 0.1 mm (3.9 mil) and, in most cases, the cracks were limited to 0.075 mm (2.9 mil) (compare detailed Fig. 7 33 ). In the second stage ( Fig. A-1) , the crack width measured only occasionally and locally (that is, on very short sections of the cracks) reached the values of 0.15 mm (5.9 mil), and in the remaining cases they were limited to 0.1 mm (3.9 mil). During the last measurement stage (Fig. A-2) , the cracks did not widen.
The concrete was poured on a hot day, so the initial temperature of the concrete soared up to 29.0°C (84.2°F). The increasing hydration heat contributed to the wall's maximum temperature of 45°C (113°F), measured at the height of 2.5 m (8.2 ft) from its base. The formwork was removed from the southern surface after 20 hours of concrete maturing, which prevented further increase of concrete temperature. In case of the northern surface, the formwork was removed after 40 hours of concrete maturing. Specific changes of temperature during concrete maturing, in the wall's cross section, were presented by Seruga and Zych. 33 As seen in Fig. 2 , the differences in temperature of the concrete in the middle part of the wall, determined in relation to its maximum value, in the subsequent stages were as follows: (+20.7°F), • t = 7.7 days, ΔT pn = +1.0°C (+1.8°F), ΔT pd = +12.2°C (+22.0°F). Negative values mean a lower temperature at the wall surface than inside the wall. Such a case is dominant in the early stage of concrete hardening and means that additional tensile stresses occur at the surface of the wall in relation to the tensile stresses resulting from changes in the average temperature and degree of external restraint. From a practical point of view, one can conclude that the temperature differences later do not exceed ±5°C (9°F), except for the surface of the wall subjected to intense solar radiation, which results in the reduction of tensile stresses on the sunlit surface and the increase in tensile stress on the shaded surface of the wall. However, at the time when the southern surface is shaded, it is cooled down even by 15°C (27°F) in a very short time. Figure 4 illustrates the measured changes in concrete strains, constituting an unrestricted part of the imposed strains. In the early period, when the temperature rises, a However, Fig. 5(a) and (b) demonstrate the measured changes in the widths of selected cracks on the north and south sides of the wall segment, respectively. The diagrams were prepared based on the measurements of the strains carried out with the Demec sensor on a 100 mm (3.9 in.) measuring stand (in the same way as illustrated in Fig. 5 34 and 6 34 ). The results of the measurements of the strains along the entire length of the segment on its northern and southern sides are illustrated in Fig. 4 . 33 The descriptions in the legends to Fig. 5 An important role in the calculation of stresses and widths of cracks is played by the mechanical properties of concrete and, in particular, the changes in these mechanical properties over time in the period of intense temperature changes mainly originating from the development of the heat of hydration. In this case, concrete with C30/37 strength class was used on CEM III/A 32.5N cement. The average tensile strengths of 0.736, 0.921, 1.1025, 1,256, 1.437, 1.71, 1.839, and 1.987 MPa (0.11, 0.13, 0.16, 0.18, 0.21, 0.25, 0.27, and 0.29 ksi), respectively, were obtained from the axial tensile strength tests carried out on 150 x 300 mm (5.9 x 11.8 in.) samples at t = 1.5, 2, 4, 5, 7, 28, 60, and 90 days, respectively. The results of concrete modulus of elasticity tests carried out on 150 x 300 mm samples are presented in Fig. 7 . It was 2 ) in which the coefficient s played an essential role in the increment rate of the mechanical properties of concrete. According to EN 1991-1-1, 2 for the cement used in CEM III/A 32.5 N, the value of s is equal to 0.38. The obtained development of the modulus of elasticity for this value of the coefficient is illustrated with a continuous line in Fig. 7 . In comparison to the examined values, a significant overestimation of the development rate of the modulus of elasticity was observed at the early age of concrete curing, as was the underestimation of the rate for t = 90 days. The conducted calibration of the coefficient s up to the value of 0.79 allowed a satisfactory consistency with the test results to be obtained, as illustrated by the dashed line.
COMPARISON OF PREDICTIONS AND EXPERIMENTAL RESULTS Mechanical properties of concrete
When the increase in mechanical properties of concrete over time was being determined, the thermal conditions under which concrete was hardening were considered. When the increase in tensile strength and secant modulus of elasticity of concrete over time were being determined, the thermal conditions under which concrete was hardening were considered.
For this purpose, the dependencies B.10, 2 3.2, 2 3.4, 2 3.5 2 contained in EN 1992-1-1 2 were used. Based on the course of the average temperature of the wall over time, an increase in the temperature difference was obtained (ΔT measured from the maximum temperature T max [ Fig. 8]) .
Crack criterion
The adopted height h 1 = 1.15 m (3.8 ft) results from the observation of the point of crack initiation for this segment ( Fig. 1) and from the measurement of temperature changes at the height of this segment (compare with Fig. 2 
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). Hence, (10), taking into account the influence of compressive stresses in the form of the coefficient k σ and the influence of creep by the coefficient k  and the influence of self-equilibrating stresses resulting from non-uniform temperature distribution. In general, self-equilibrating stresses may lead to an increase of tensile stresses not only at the element's surface but also inside it. This depends on when the formwork is removed, which causes a different temperature distribution in the wall's cross section. 
where k  = 0.65; α T = 0.00001/°C (0.0000056/°F); ΔT(t) is defined as in Fig. 8 ; k σ is 0.46 (value determined based on previous studies [compare Fig. 11 37 ]); ε ca (t) is autogenous shrinkage determined based on the relationships contained in EN 1992-1-1 2 (refer to Fig. 6 ); ΔT h = 5°C (9°F); and R h = 0.36. Coefficient k  = 0.65 used in Eq. (10) was adopted following the CIRIA C660 38 recommendations. It should be emphasized that it is a simplifying assumption since CIRIA C660, 38 general recommendations do not take account of the cement kind on the concrete creep extent.
Stress changes σ x (t) and increases in the average tensile strength of concrete for calibrated value of s = 0.79 are illustrated in Fig. 9 . The first surface cracks will be formed on the third day after the concreting of the wall segment, precisely for t cr = 2.6 days. The trough cracks (which neglect self-equilibrating stresses) will form 3.5 days after the concreting of the wall segment-that is, the trough cracks could be observed on the fourth day after the concreting of the wall.
Stiffness of discrete crack
The As presented by Pettersson and Thelandersson, 39 the general solution for the displacement of the bar u(x) supported by springs arranged along its axis was first proposed by Volkersen. 40 Using this approach, a distributed elastic stiffness from reinforcement k r was obtained for the entire cross-section of the crack (Eq. (14)). The change in stiffness k r as a function of the crack width is demonstrated in Fig. 11 . 
Spacing of first-order cracks
The average effective degree of wall relaxation (Table 1  of The coefficient of restraint in the cross-section distance from the cracked critical cross-section s rmI is a function of h 1 /H and α D (Fig. 4(a) 41 ; Table 1 
and the coefficients from Table 2 (Fig. 12) .
The effective degree of relaxation in the section spaced by s rmI Figure 13 illustrates the actual change in the temperature difference ΔT and the values of ΔT 1 calculated in accordance with Eq. (17) . The figure demonstrates that in the time of t 1 = 2.83 days, the first-order cracks will be formed in the s rmI spacing-that is, there will be a stabilized spacing of the firstorder cracks, and the lengths of the local relaxation zones will be reduced to s rmI corresponding to a temperature drop from the maximum value by 12.6°C (22.7°F); therefore; the temperature increase in relation to the temperature of crack initiation is only 1.4°C (2.5°F). According to Eq. (15), 34 for t cr = 2.83 days, the following expression was obtained
Crack width before stabilized spacing of firstorder cracks According to Eq. (13) and (14) 34 and for L/H = 2.45, the following expression was obtained 
Stabilized spacing of first-order cracks
The average effective degree of relaxation for the segment -0.5s rmI /L to +0.5s rmI /L was determined based on Table 1 . 34 After the interpolation for h 1 /H = 0.18 and α D = 1.98/m, ∆R ax (-s rmI /2L; s rmI /2L) = 0.138 was obtained.
The limit value of stresses in steel which, if exceeded, will result in the formation of second-order cracks is σ sI
14 MPa · 0.6 m 2 /104.3 cm 2 = 51.7 MPa (7.5 ksi). Thus, based on Eq. (11) or Fig. 10 , the limiting crack width was calculated, which can be obtained with the concrete parameters for t 1 = 2.83 days close to 0.03 mm (1.2 mil). Therefore, there will be no change in the crack widths in the period of the stabilized spacing of the first-order cracks, but due to the high degree of reinforcement, second-order cracks will be formed.
Changes in crack width during further temperature change
There is a further significant drop in temperature until Day 5.5. This is the period of the formation of the second-order cracks, when the values of the mechanical properties of the concrete increase, and the existing cracks widen.
The change in the difference in average strains in the immediate vicinity of the crack between the steel and concrete during the time interval of 2.83 to 5.5 days cannot be greater than Δ(ε sm -ε cm ) II ′ = 0.179‰ -0.157‰ = 0.022‰ Eq. (20), 34 from which according to Eq. (M.1 1 ) for t 1 = 2.38 days, α(2.38 days) = E s /E cm (2.38 days) = 12.41, α(5.5 days) = E s /E cm (5.5 days) = 11.31, k c = 1.0, k = 0.79, and ρ = 1.74% were obtained.
In the second stage of loading, until Day 5.5, the average wall temperature was lowered by 29°C (52.2°F). Assuming that the temperature difference between the surface and the inside of the wall is at least 5°C (9°F), The aforementioned calculations adopted the least favorable data due to s r max and Δw k3 ′. If ΔT W-Z = 15°C (27°F) was adopted as on the south side, and ΔT in the initial period of the formation of the second-order cracks-for example, for t = 2.9 days, where ΔT = 13°C (23.4°F), then k 2 = (0.28‰ + 0.13‰)/2 · 0.28‰ = 0.73 and s r max = 0.374 m (1.23 ft) would be obtained.
Changes in crack width in hardened concrete
The increase in the difference in average strains between the steel and concrete within the time range of 5.5 to 90 days calculated according to Eq. (22) 34 is Δ(ε sm -ε cm ) IIS ′ = 0.261‰ -0.179‰ = 0.082‰. The increase in stresses in reinforcing steel due to external load is Δσ sII = N sk /A s = 170 kN/104.3 cm 2 = 16.3 MPa (2.4 ksi), where N sk = 170 kN is the maximum tensile force at the h 1 level, for the entire length of the analyzed wall segment from the external load-that is, water pressure during the water-tightness test, defined based on separate FEM calculations using linear analysis.
By applying Eq. (25), 34 (26), 34 and (24) 
COMPARISON WITH EN 1992-3
schemes defined in the standard were presented. The examined properties of the concrete were taken into account in the calculations. For the member restrained at the opposite ends, the widths of the cracks from the imposed load in time t cr = 4.2, 22.5, and 90 days were 0.07, 0.09 and 0.094 mm (2.8, 3.5, 3.7 mil), respectively. For a base-restrained wall, these values were 0.04, 0.07, and 0.13 mm (1.6, 2.8, 5.1 mil), respectively. The crack width from the external load was 0.02 mm (0.8 mil) .
According to the model of the base-restrained wall, in the initial period, the widths of the cracks were narrower compared to the member restrained at the opposite ends, but they were comparable to the values obtained according to the proposed model. For t = 90 days-that is, having taken the shrinkage of the concrete into account-better conformance with the proposed model was demonstrated by the tie model restrained at opposite edges. According to the authors, in the case of the base-restrained wall, it is contradictory to say that "the formation of a crack in this case only influences the distribution of stresses locally" 1 , with the assumption that the spacing of the cracks is according to Eq. (7.11). 2 According to the authors, this approach to determining the difference in strains according to R ax · ε free 1 should be applied to walls that fail to satisfy the condition of the minimum degree of reinforcement. However, in the model of a tie restrained at opposite ends, due to the necessity of also taking imposed strains into account for hardened concrete (for example, shrinkage), the sense of these calculations for thermal loads during concrete hardening (regardless of their value) is undermined because the crack widths obtained are wider with the greater strength of the concrete.
In the proposed model, the obtained spacing between the first-order cracks, compared to those obtained using the approach according to EN 1992-3, 1 is twice as large. In addition, in EN 1992-3, 1 there is some doubt about the lack of any entrance regarding the need to determine the change in the crack widths caused by imposed loads due to the loads occurring later, especially external loads.
DISCUSSION OF RESULTS
The calculated maximum crack width at the individual loading stages is: 1 mil) . The calculations demonstrate that the first cracks will occur on the third day after the concreting of the segment and on the fifth day according to EN 1992-3.
1 This time is consistent with the observations obtained from the object, which demonstrates that the first cracks resulting mainly from concrete temperature drop were formed between the second and third days.
From the calculations performed and the measurements of the crack spacing, one can conclude that just after the first crack was formed, and for a very small value of the increase of the imposed load of 1.4°C (2.5°F), the stabilized spacing of the first-order cracks with the maximum value of 0.79 m (2.6 ft) will be established. This resulting value, from the predetermination of 2H in Eq. (17), 34 represents the maximum spacing for non-reinforced walls. Given that this spacing usually falls within the range of 1H to 2H, then the observed spacing of the first-order cracks should fall within the range of 0.395 to 0.79 m (1.3 to 2.6 ft). In the calculation model for the period of the stabilized spacing of first-order cracks, according to the calculations, the secondorder cracks will start to form, and their maximum spacing decreases to 0.44 m (1.44 ft) (when t = 2.9 days and ΔT W-Z = 15°C (27°F) s r max = 0.37 m is used in the calculations), which further shrinkage decreases to 0.23 m (0.75 ft). The calculated maximum values are greater than the average values observed during the first (Fig. 1 ) and the second (Fig. A-1 . From the computational model, one can conclude that even at the same temperature, the spacing of the first-order cracks may correspond to the spacing of the second-order cracks. Both from the computational model and from the research results, it follows that the spacing of cracks is formed in the initial days of concrete hardening, especially due to the high degree of reinforcement as well as the geometry and how the segment is restrained. These factors brought about a low degree of wall relaxation after cracking, which resulted in the formation of numerous cracks at a very early stage. Therefore, according to the authors, it is difficult to clearly distinguish between the first-and second-order cracks, as could easily be done for the example illustrated in Fig. 9 . 43 Nevertheless, the study clearly identified longer and wider cracks corresponding to the first-order cracks defined in the model, and those very short and narrow cracks corresponding to the second-order cracks.
The maximal calculated crack width before Day 5.5 was 0.04 mm (1.6 mil), which in the case of the mean values measured from Fig. 5(a) and (b) for the four earliest cracks (Fig. 5(a 42 and 1.54 mil) , respectively. However, for the period after the water-tightness test, thermal load in winter, and concrete shrinkage, the calculated crack widths were 0.08 mm (3.1 mil), compared to the values of 0.1 mm (3.9 mil) measured for the vast majority of cases.
According to the calculations, because the crack was formed in the first stage (0.03 mm [1.2 mil]), the crack more than doubled (0.08 mm [3.1 mil]). Such behavior of the cracks that occur first is consistent with the observations of other objects at a natural scale. 33, 43 On the basis of the performed calculations, it can also be concluded that apart from the high degree of reinforcement, the most crucial role in crack width restriction is played by the design and actual erecting of the structure in such a way that temperature variations during concrete hardening were the smallest possible; that is, the application of cement of low hydration heat and building the structure in conditions under which it will not suffer from violent temperature changes. The complete algorithm of the model described in Part I 34 together with the dependencies used in the present paper is provided in the Appendix in Fig. A-3 .
CONCLUSIONS
Based on the results of these research studies on the cracking of semi-massive RC tank walls, the following conclusions can be drawn:
1. The crack widths, measured and calculated over time, increase together with the increase in the imposed load.
2. In the present case, both the computational model and the research results demonstrated a negligible effect of the external load; that is, the pressure of the liquid on the increase in crack widths and the stress of the reinforcing steel.
3. In the case of a high degree of reinforcement, the spacing of the first-order cracks may be comparable to the spacing of the second-order cracks. Then, the smaller but primary increase in the width of the crack that is formed as the first crack occurs with the smaller/more favorable spacing of the second-order cracks. Contrary to popular belief, non-uniform drying shrinkage plays a very advantageous role in the presented example, as it contributes to the reduction of the crack spacing, the increase in their number, and consequently limits the further increase in their widths.
4. To determine the change in crack widths, it is necessary to consider individual types of loads, starting from those occurring at the construction stage of the tank to those from the period of its use.
5. The proposed crack control model distinguishes the type of crack defined herein-that is, the first-order and the second-order cracks and considers the stages of crack formation and the increase in their widths during the subsequent stages of loading.
6. In the case of long semi-massive internal walls, the influence of the imposed load on cracking, compared to the influence of the external load, is essential.
7. Up until now, only DIN EN 1992-1-1/NA 32 provides guidelines on taking account of combined impact of imposed deformations and external loads on crack width checking. The present paper, however, is the first to propose stepwise development of crack width covering the specific impacts both in the period of concrete hardening and the operational life of the structure.
8. According to EN 1991-3, 1 the expression (ε sm -ε cm ) = R ax · ε free results in the increase in the crack width being largely dependent on the imposed load, without taking into account residual stresses in the wall or its relaxation as a result of the formation of the crack and the adjacent cracks along the segment length.
9. The results of the studies and the computational model confirmed that cracks that are formed first may more than double in a later period. = height of critical section where cracking occurs first k = coefficient that takes into account effect of non-uniform self-equilibrating stresses, which lead to reduction of restraint forces k 1 = coefficient that takes into account bond properties of bonded reinforcement k 2 = coefficient that takes into account distribution of strain = coefficient that takes into account stress distribution within section immediately prior to second-order cracking = coefficient dependent on duration of load k  = 0.65; coefficient that takes into account concrete creep L = length of segment wall N sk = characteristic value of tensile force from external loads R = degree of external restraint R ax (α D ) = degree of restraint in discreet crack as function of stiffness R ax cr = restraint factor for cracked element R ax ncr = restraint factor for noncracked element t 1 = time in which cracks are formed in s rmI spacing α D = ratio of stiffness in discreet crack D 11 to modulus of elasticity of wall, E cm α e = ratio E s /E cm α T = thermal expansion coefficient of concrete ΔR ax = degree of relaxation = mean degree of relaxation (0.5L/L) = mean degree of relaxation for crack spacing 0.5L (s rmI /L) = mean degree of relaxation for crack spacing s rmI ΔT = concrete temperature change ΔT cr = temperature change resulting in formation of first crack in time equal to t cr Δε cmII = change in mean strain in concrete between cracks from external loads Δε smII = change in mean strain in steel between cracks from external loads ε cm = mean strain in concrete between cracks ε cs = shrinkage strain ε ctu = tensile strain capacity of concrete ε free = imposed strain ε sm = mean strain in reinforcement ε te = thermal strain The ACI Convention takes place twice a year-once in the fall and once in the spring. ACI reserves rooms at local hotels and offers a discounted rate to members. Networking and other nontechnical events are coordinated through ACI and take place at each convention.
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RESEARCH SIGNIFICANCE
This research paper is important for the crack control and water-tightness of semi-massive reinforced concrete tank walls, in which cracking may occur at the construction stage and develop later as a result of imposed deformation or external loads. The stepwise development of the crack width is not defined in EN 1992-3 4 or in the world literature and is a new concept of the proposed model. The results of this study can serve as a basis for future code changes for crack control derived from hydration temperatures, elevated temperatures, shrinkage, and external load effects on crack propagation.
MODEL ASSUMPTIONS
Crack control must be performed, especially in critical sections subjected to the greatest tensile stresses during the cooling period. The sections are located at the height h 1 from the connection to the foundation (Sections 1 26 and 2 26 ) corresponding to the height at which the wall temperature profile changes from linear to uniform. Figure 1(a) illustrates an average temperature change in the wall section and the corresponding change in the concrete stress. A simplification is often used consisting of completely leaving out the compressive stress occurring during the temperature increase due to the low level of this stress. However, the level of tensile stress is also relatively low. Therefore, in the author's opinion, it is equally reasonable to adopt the coefficient k σ representing the ratio of compressive stress in the period of temperature increase to tensile stress in the period of its decrease determined for the first days of concrete hardening. Zych 27 presented that, for real conditions of implementing construction, the proportions of compressive and tensile stresses just before the first cracks occur are strongly dependent on solar radiation, and it makes the levels of both stresses on the outer and inner surfaces of the cylindrical wall segment vary by nearly 100%. Due to the high variability in the coefficient k σ depending on, for example, the cement type, external conditions, water curing method, degree of external restraint, and cracking time, according to the author, it is recommended to adopt a safe value of k σ = 0.2 corresponding to a 20% reduction in the tensile stress due to earlier compressive stress. Figure 1(b) illustrates the development of stress in the critical cross section "A", where the first cracks occur in a given segment. At the moment of their occurrence, the restrained part of the strain in the local relaxation zone decreases. Hence, the stress in the "B" cross section located at the same level h 1 and in the relaxation zone of the first crack is suddenly reduced. A crack at this cross section may occur with a further significant temperature drop, during which the mechanical properties of concrete also increase. Considering only the imposed deformation, it can be assumed that the formation of subsequent cracks will cause a decrease in the degree of restraint and a less effective increase in the widths of the existing cracks. This fact is taken into account by introducing a reduction in the restrained part of the increment of imposed strain by the quantity according to the following formula (refer to Fig. 1(b) )
The range of the relaxation zones 24 comprises the area where the occurrence of the next cracks is most likely. Figure 2 demonstrates two basic cases of a possible location for the first cracks with respect to each other. In the first one ( Fig. 2(a) ), the crack spacing is greater than or equal to the length of the concrete relaxation zone. In this case, the width of the cracks is affected by the entire relaxation zone. In the second case (Fig. 2(b) ), where the crack spacing is smaller, the concrete relaxation zones overlap, which means that smaller crack widths can be expected. The model considers the entire concrete relaxation zone to determine the width of the crack that occurs first. In the case of crack No. 2, the relaxation zone shaping the crack width is smaller.
Zych 26 presented the influence of changing the temperature profile on the degree of restraint at different values of h 1 /H. The material tests 28 were carried out on the concrete used for the implementation of semi-massive reinforced concrete tank walls. A modulus of elasticity was obtained after 1 day from the time after which segment cooling could commence equal to approximately 1/3 of the 28-day value. Hence, when determining the degree of restraint, a constant ratio was assumed by author of 1/3 the concrete elasticity modulus in the wall segment to its elasticity modulus in the previously executed segments. Generally, this ratio depends on the technological break between concreting of the wall and the foundation.
In this model, the degree of reinforcement in the construction joints between wall segments is taken into consideration of the degree of external restraint (Section 3 26 ). From the existing models and observations performed on objects at the natural scale, 29, 30 it can be concluded that the crack spacing should fall within the range of cases defined in EN 1992-3 4 and by Iványi 6 as well as Rostásy and Henning.
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In general, the crack spacing for each of these models is not, however, a set of stabilized cracks and, in most cases, is rarely final. It is the spacing of cracks at a given stage of a load or its type. According to the author, the spacing of cracks defined in EN 1992-1-1 9 (Eq. 7.11 9 ) can occur only in walls with a very high degree of horizontal reinforcement because it will not depend on the restraint scheme but rather almost exclusively on the degree of reinforcement restraining the concrete strain. In such a spacing, secondorder cracks (Fig. 3) may occur between first-order cracks and only in some cases affect the water-tightness of the tank walls.
In view of the aforementioned statements, the next model assumption is the adoption of three basic stages for determining the crack widths (refer to Fig. 4): • Stage I concerns the occurrence of the first cracks w k1 from imposed strains ε free1 in the initial period when the primary relaxation zones do not overlap.
• Stage II concerns the stabilized spacing of first-order cracks and the initial period of the imposed strains ε free2 during which the cracks from Stage I become wider (w k2 = w k1 + Δw k2 ).
• Stage III concerns large imposed strains or mostly service loads (ε free3 ), causing second-order cracks and at the same time an increase in the widths of the cracks from the previous stages (w k3 = w k2 + Δw k3 ).
In-place research studies
Based on the results of a previous study, 31 it can be concluded that cracks were formed at h 1 = 1.1 m on the outer surface of this segment with a much higher degree of reinforcement; however, they were definitely narrower and shorter, and their increment over time was much more limited. Therefore, Fig. 4 presents the general assumptions in the proposed model regarding the changes in the crack width and spacing as a function of a progressively imposed load. It also demonstrates that an increment of the imposed strain ε free will result in a continuous increase in the crack width (Fig. 4(a) ) and a continuous decrease in the crack spacing (Fig. 4(b) ) until they stabilize, which in practice is extremely rare for reinforced concrete tank walls. Assuming that f ctm is constant, with an increase in ε free , a steady increase in the number of cracks will occur. In contrast, considering f ctm (t), a larger increase in first-order crack widths w k1 will be observed with a smaller number of newly formed cracks. Having reached f ctm (t = 28 days) in the first stage with an increase in ε free , there will be a further increase in the crack width w k1 with a constant spacing s rmI , and in the subsequent stage, a further reduction in the crack spacing will be observed until it has stabilized. Therefore, in the case of the cracks formed in the early stages of concrete hardening, their widths w k1 increase by Δw k2 as a result of the loads occurring at higher concrete mechanical properties. In the studies of Ouzaa and Benmansour, 32 it was confirmed that the first cracks were the widest and developed in later stages when other, narrower cracks were formed.
The presented in-place research studies and observations of tank cracking form the grounds for drawing conclusions about the distribution of cracks and their type. Seruga and Zych 30 presented a typical type of cylindrical tank wall segment inner surface cracking. In this case, four first-order cracks of basic length and width are clearly visible, and the remaining second-order cracks are definitely narrower and shorter. Out of the four examined structures of this type, a similar crack layout could be observed on almost all internal surfaces of these cylindrical segments. 33 Observations also confirm the necessity of including an appropriate height h 1 -that is, the height of the initial level of crack occurrence-in the analytical models. In this case, 30 it was the level of 1.1 m at which the first cracks occurred and developed significantly upward and downward later on. At the same level, second-order cracks occurred at a later stage as well.
To carry out quantitative and qualitative observations of the increase in the crack widths, Fig. 5 illustrates exemplary detailed results of the measurement of strains that are presented in a more general form by Seruga and Zych.
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The measurement of strain resulting from imposed deformation was made at the level of 1.1 m in sections through the cracks marked as S1, S5, and S6. 30 This strain forms the basis for determining changes in the crack width (S1 to S6) as a function of time (Fig. 6) . Thus, the largest increase in the crack width is accompanied by the largest change in the imposed load in the absence or a limited number of secondorder cracks. Later, with a smaller imposed load and a larger number of second-order cracks, the increment of the firstorder crack width is much smaller. The example of cracks 30 due to the eccentric shell tension and related redistribution of strain after cracking (Section 3 24 ) together with a low degree of inner surface reinforcement and a higher degree of outer surface reinforcement is a more complex issue than the case of straight, symmetrically reinforced walls. Nevertheless, it can be concluded that the increment of first-order crack widths from imposed loads is not limited to the early-age thermal loads and that the formation of further cracks does not limit the increase in the widths of earlier cracks. More importantly, it can be concluded that the increase in crack widths from imposed loads may also occur with the mechanical properties of concrete that are higher than the 28-day ones resulting from the extended curing time of concrete made with the additive of blast-furnace slag (refer to Fig. 6) .
Moreover, subject to the strain measurement based on S3 to S6, 30 the increments of the crack widths were determined (Fig. 7) . The measurements prove that significant increases in the crack width and height occur for the entire crack height over the entire period of the imposed load-that is, up to the 60th day after concreting the wall. 
ANALYTICAL INVESTIGATION
The change in the degree of restraint along the segment length depends mainly on the stiffness of external restraints. This depends not only on the stiffness of neighboring segments but also, to a large extent, on the degree of reinforcement in construction joints. Immediately after cracking, the degree of restraint R ax is reduced depending on the degree of wall reinforcement at the point of cracking. According to the author, the redistribution of strain observed from changing the restraint degree after cracking forms the basis for determining a part of the strain known as the free strain, which accumulates in cracks and forms the basis for calculating their width. Figure 8 illustrates an example of the change in the restraint degree resulting from a crack. A decrease in the restraint degree, hereinafter referred to as the degree of relaxation ΔR ax , is largest in the immediate vicinity of the crack, and it goes to zero as it moves away from its section. With a further increment in the imposed load, another crack may form outside the local relaxation zone or within it, where the ratio of the degree of restraint R ax cr to the tensile strength of concrete is the greatest. The presented case is characteristic of reinforced concrete tank wall segments. In the tie model, which is restrained at its ends only, the same value of relaxation will be present along the entire length of the member. 34 The degree of relaxation ΔR ax falls within the range from 0 to R ax ( Fig. 8 and 9 ) and can be defined as the value corresponding to the reduction in the degree of restraint (Eq. (2)). A value of 0 means no relaxation and no cracks. The value of ΔR ax = R ax means total relaxation that can occur only in the immediate vicinity of the crack in a non-reinforced member. Figure 9 illustrates the changes in the relaxation degree along the length of the segment calculated in the finite element method (FEM) model using different degrees of reinforcement for cases analogous to those in Section 2 24 according to Eq. (2). In reinforced concrete walls, the range of these changes depends on the relative height h 1 /H of the initial level of crack occurrence and on the stiffness of the cracked section D 11 . 24 Restraint factors R ax uncr and R ax cr used in the proposed model are based on the approach presented by Zych.
24,26
The relative value of the unit width of the crack w k /L that is formed first can be written as follows 
Stiffness in a discrete crack D 11 as a function of: concrete class, its maturity, strain time, as well as the degree of reinforcement, and reinforcement bar diameter can be defined on the basis of the assumptions included in EN 1992-1-1. 
In Eq. (3), it was predetermined that the relative value of the unit crack width is considered-that is, the value independent of the strain describing the width of the crack that occurs first in the middle of the wall segment length; hence, s r = 0.5L. Moreover, the basis for determining the crack width is the degree of relaxation occurring within the limits of ζ 1 , and ζ 2 dependent on s r , beyond which the degree of relaxation is attributed to neighboring cracks. Therefore, the width of the first-order cracks just before their spacing stabilizes is
Alternatively, it can be written as
where 
in which, for the first crack formed, s r = 0.5L; and s r = s rmI with the stabilized spacing of first-order cracks. Then, the value representing the difference between the average strain of steel and concrete for the case of one crack in the middle of the wall segment length and the cracks in the segment construction joint can be determined from the following dependence
.
where R ax (D 11 /E cm ; ζ) is the distribution of the effective degree of relaxation along the segment length (ζ = x/L) for the case corresponding to the fixed stiffness in the structural joint. Then, the mean value of the effective degree of restraint change ∆R ax at the section of the relaxation zone from 0.25L/L to 0.75L/L while assuming that L/H = 8 and s r = 0.5L can be defined as ; .
Width of first crack
The width of the first crack can be written according to the following well-known relationship (EN 1992-1-1
Assuming that its width depends on the entire relaxation zone from 0.25L/L to 0.75L/L-that is, s r = 0.5L, it can be written
If the quantity ∆R ax (0.25L/L; 0.75L/L) is used for the walls with the ratio of L/H = 8 (Table 1) , an adjustment is required for the walls with the ratio of L/H < 8. Therefore, the value of the above expression should be reduced by (14) in which k = 0.65 was adopted after CIRIA, 35 which takes into account the favorable effect of concrete creep reducing the values of the stresses, strains and consequently the crack width ε free1 = α T · ΔT 1 (t 1 ), and ΔT 1 (t 1 ) is the temperature change that generates a tensile stress until the next crack in the local stress zone is formed. It can be determined using a simplified expression 
Increase in width during stabilized spacing of first-order cracks After the occurrence of additional imposed loads, new cracks form that will shorten the local relaxation zone initially assigned to the first crack. This case will occur when ΔT > ΔT 1 , and hence, for s rmI < 0.5L, it is obtained as follows 
where ΔR ax is relaxation that occurs at the cross section of the first crack after the second crack is formed. The use of a two-stage crack width determination-that is, w k1 and its increment Δw k2 -is necessary for two reasons. The first one results from the occurrence of an imposed load that is so low that only one crack can form in this specific area that will accumulate the entire free strain. In the second case, the imposed load builds up gradually and, in the relaxation zone of the first crack, the occurrence of the next crack is significantly shifted in time. Then, due to the lower-bond strength from concrete to steel, the first crack accumulates the greatest free strain and relaxes the wall the most. The subsequent cracks shall not contribute to the reduction in the width of the original crack but rather to a smaller increase in its width, which is taken into consideration by the shorter relaxation zone and the value of Δε, as in Eq. (1). ). The difference in strain is significantly reduced with the increased degree of reinforcement at the crack point, and even in the case of α D = 0, the obtained values are not close to the standard values of the R ax coefficient = 0.5. Moreover, this value represents effective restraint R ax , which takes into account sustained loading and creep. This comparison of two completely different coefficients is valid only for the manner of determining the value of (ε sm -ε cm ) defined in EN 1992-3.
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As the value of h 1 /H increases, higher values of ∆R ax are observed, indicating greater relaxation and wider cracks. The influence of the h 1 /H value on ΔR ax disappears with an increasing degree of reinforcement. Thus, the expression (ε sm -ε cm ) = R ax · ε free contained in EN 1992-3, 4 in which L/H = 8 and R ax = 0.5, should be considered conservative.
Spacing of first-order cracks
The size and range of the relaxation zone determines not only the widths but also the spacing of the cracks. According to the assumptions contained in the models 6, 7 that the spacing of the dilatation cracks is (1/2)H for the case of a non-reinforced wall and h 1 = 0.4H, this paper adopted the spacing of first-order cracks equal to 2H as the limit value.
The maximum considered value of h 1 /H results from the fact that the higher the initial level of the crack occurrence is, the greater and more extensive the wall relaxation directly affecting the large crack spacing. The mean value of wall relaxation ∆R ax (0.5 L/L) for this case is 0.3855 ( Table 1 ). Assuming that, after a thermal crack, the sum of the free part of imposed strain over the entire length of the segment is equal for each individual case, the spacing between the cracks was determined according to the following relationship 
To determine the increase in crack widths Δw k2 according to (16) , Table 1 also compares the values of the mean degree of relaxation ∆R ax (s rmI /L) determined with the assumption of the relative crack spacing defined by Eq. (17) . The obtained values ∆R ax (s rmI /L) as a function of h 1 /H and α D are several times greater than ∆R ax (0.5L/L). However, a much shorter range of the relaxation zone means that the values of Δw k2 at the same ΔT will be much smaller relative to w k1 .
The relative spacing of the cracks s rmI /H is summarized in Table 2 . The smallest values refer to very high walls-that is, those where the relative height of the crack initial level is small (h 1 = 0.05H). The effective degree of relaxation after cracking at this level is the smallest due to the relative closeness to the horizontal restrained edge. Considering non-reinforced walls (α D = 0), for example, for the values of h 1 = 0.05H and 0.4H, the crack spacing is 0.537H and 2H, respectively. As the degree of reinforcement increases (that is, with an increased stiffness in the crack), the relative value of the crack spacing decreases and the influence of the h 1 /H height on the crack spacing becomes smaller. For α D = 2.5 as well as 0.05H and 0.4H, the s rmI values of 0.085H and 0.102H were obtained, respectively. This model assumes that the present state is the distribution of the basic firstorder cracks (s rmI ), and further imposed loads will result in increasing crack widths and the formation of new, narrower second-order cracks. Water-tightness should be ensured at the level of the first-order cracks. It should be added that the crack spacing calculated in this way (Table 2 ) cannot be smaller than the one defined by Eq. (7.11 9 ). When determining the value of w k1 , very high walls h 1 /H = 0.05 are definitely the most favorable, as an increase in the h 1 /H ratio contributes to greater relaxation at this level. For determining Δw k2 , a smaller crack spacing for smaller values of h 1 /H contributes to a more averaged relaxation of concrete between the cracks. Similar to the mean value of the wall relaxation ∆R ax (0.5 L/L), greater reinforcement results in smaller values of the average wall relaxation ∆R ax (s rmI /L), and this effect is even more visible when the value of h 1 /H increases.
Criterion for formation of second-order cracks
Based on the adopted surface of steel and the formula describing the minimum reinforcement surface (7.1), 9 a stress limit (σ sI lim ) in this reinforcement was determined that, when exceeded, would lead to the formation of second-order cracks
In the next step, by substituting σ sI lim into Eq. (2), 26 a crack width limit (w k2 lim ) was obtained-that is, a value characteristic of the state just before the occurrence of second-order cracks. Then, from Eq. 
in which the validity of using the k coefficient results only from the large time interval between crack initiation (t cr ) and the initiation of first-order cracks with a stabilized spacing (t 1 ).
Increase in crack width from further temperature changes When ΔT 2 is exceeded, the spacing of the cracks will decrease to s r max . The excess imposed load, due to temperature change and shrinkage, will contribute to the formation of new cracks in the tie model (Eq. (M.1) 4 ) and to the widening of existing cracks. Due to the reduction in the crack spacing, the difference between the average strain of steel and concrete increases at the distance s r max (where s r max is described after EN 1992-1-1 9 ) according to the following expression
∆(
) .
